There is a great deal of individual variability in the emotional outcomes of potentially traumatic events, and the underlying mechanisms are only beginning to be understood. In order to further our understanding of individual trajectories to trauma, its vulnerability and resilience, we adapted a model of fear expression to ambiguous vs perfect cues in adult male rats, and examined long-term fear extinction, 2, 3, and 50 days from acquisition. After the final conditioned fear test, mitochondrial enzyme monoamine oxidase A (MAOA) function was examined. In order to identify associations between this function and behavioral expression, an a posteri median segregation approach was adopted, and animals were classified as high or low responding according to level of freezing to the ambiguous cue at remote testing, long after the initial extinction. Those individuals characterized by their higher response showed a freezing pattern that persisted from their previous extinction sessions, in spite of their acquisition levels being equivalent to the low-freezing group. Furthermore, unlike more adaptive individuals, freezing levels of high-freezing animals even increased at initial extinction, to almost double their acquisition session levels. Controlling for perfect cue response at remote extinction, greater ambiguous threat cue response was associated with enhanced prelimbic cortex MAOA functional activity. These findings underscore MAOA as a potential target for the development of interventions to mitigate the impact of traumatic experiences.
Introduction
Much progress has been made in our understanding of emotional trauma. Key neural substrates of fear, from acquisition to its recall, have been delineated (e.g. reviews by Mahan and Ressler, 2012; Milad and Quirk, 2012; Holmes and Singewald, 2013) . In parallel, there is substantial evidence that not all those experiencing a potentially traumatic experience develop psychological trauma (e.g. Werner, 1989; Norris, 1992; Galatzer-Levy et al., 2012) , and that when so its development is not uniform (Bonanno and Mancini, 2012) . The lifetime incidence of post-traumatic stress syndrome varies between groups, and in the general population estimates approximate 6e12% in the U.S. (Breslau et al., 1991 (Breslau et al., , 1998 Resnick et al., 1993; Breslau et al., 1998; Kessler et al., 2005; O'Donnell et al., 2014) , ranging between 1 and 9% in other countries (Atwoli et al., 2015) dwith debilitating consequences a public health issue with costly ramifications. Much work is still needed for broadly successful or even personalized interventions.
Potential routes to success in mitigating trauma vulnerability and enhancing recovery from trauma may be uncovered by the identification and characterization of differentially responding groups of individuals (e.g. Bush et al., 2007; Galatzer-Levy et al., 2013; Shumake et al., 2014) , and the identification of associated physiological correlates. In order to identify potentially relevant associations, an a posteri segregation approach that stratifies individuals according to their sustained maladaptive fear responses is warranted (reviewed in Steimer, 2011; Pawlak et al., 2012; Desmedt et al., 2015) . Importantly, traumatic memories frequently involve exaggerated responses not only to perfect signals or predictors (i.e., conditioned stimuli), but also to partially contingent cues (Lissek et al., 2006; Nader and Balleine, 2007; Beckers et al., 2013) . Yet another important consideration may be one of time, for those with PTSD are distinguished by poorer extinction over time, not necessarily greater acquisition, and early treatment is more effective than later attempts (e.g. reviewed in Rothbaum and Davis, 2003) .
In the present study, in order to help further our understanding of post-traumatic stress disorder (PTSD) processes, particularly those leading to persistent responding, we studied the maintenance of fear conditioned responses. We sought to distinguish adaptive from maladaptive fear responses (Desmedt et al., 2015) by applying a rodent model of fear expression to fully and partially predicting cues (Tsetsenis et al., 2007) . Specifically, we were particularly interested in the extinction of the ambiguous cue; i.e., the partial predictor cue that at training either was presented before the perfect one, whose presentation always co-terminated with a footshock, or alone and not followed by footshock. Thus, we considered individual differences in the remote expression of fear conditioning, a time frame relatively uncommonly studied in the animal literature (e.g. Siegmund and Wotjak, 2007; Monfils et al., 2009; Pamplona et al., 2011) , yet critical given the DSM-5 diagnostic criterion of symptom persistence for over a month, combined with aforementioned greater challenge for delayed interventions.
Furthermore, we investigated the possible association between differences in long-term responses to conditioned ambiguous cues and expression levels of monoamine oxidase A (MAOA) in relevant brain regions. The rationale for this study was based on several observations. Mice selectively bred for high fear conditioning were shown to display abnormal developmental expression of mitochondrial genes, including MAO, in the prefrontal cortex (Choi et al., 2012) . Conversely, genetic deletion studies revealed that MAO-A or -A/B deficient mice present amplified and less specific fear acquisition, while displaying normal spatial memory and motor abilities (Kim et al., 1997; Singh et al., 2013) . In humans, studies of genetic variability of MAOA has revealed association with personality patterns (Shiraishi et al., 2006; Tsuchimine et al., 2008) . Notably, MAOA-uVNTR polymorphisms have been related to high selfreported harm avoidance trait (Yu et al., 2005; Buckholtz et al., 2007) . Furthermore, individuals with lower platelet MAO activity were found to exhibit stronger fear conditioning (Garpenstrand et al., 2001) , while stress and glucocorticoids were reported to decrease MAOA activity and binding pervasively in the human brain (Soliman et al., 2012) . In the present study, MAOA enzymatic activity was evaluated after a long-term conditioned fear test in the amygdala, hippocampus, infralimbic, prelimbic, and anterior cingulate cortex, as these are some of the major brain regions implicated in the expression and extinction of fear (McNally et al., 2011; Sierra-Mercado et al., 2011; Fani et al., 2012; Maroun, 2012; Parsons and Ressler, 2013; Hitora-Imamura et al., 2015) , in addition to their recruitment in responding to ambiguity conferred by unpredictability and uncertainty (e.g. Huettel et al., 2005; Herry et al., 2007; Tsetsenis et al., 2007; Rushworth and Behrens, 2008; Sarinopoulos et al., 2010) . The present study examined when persistent responding to a no longer threatening cue emerges, and whether it is associated with brain MAOA activity. On the basis of the MAO knockout mouse data, we hypothesized that poorer longterm fear extinction (i.e. greater persistence of freezing) would be associated with lower MAOA in these brain regions of interest.
Materials and methods

Subjects
The experimental subjects were the offspring (n ¼ 16) of Wistar Han rats (Charles River Laboratories, L'Arbresle, France), bred in our animal house. At weaning, male rats from different litters were mixed and housed three per standard plastic cage on a 12 h lightedark cycle (lights on at 0700 h). Fear conditioning procedures were initiated in adult rats (postnatal day !115). Food and water were available ad libitum. All procedures were conducted in conformity with the Swiss National Institutional Guidelines on Animal Experimentation and approved by a license from the Swiss Cantonal Veterinary Office Committee for Animal Experimentation.
Behavioral testing
Associative learning of cue and aversive footshock was conducted according to the experimental design illustrated in Fig. 1 , with an acquisition stage followed by three extinction tests. In order to examine individual response variability in freezing responses to shock conditioning, and the sensitivity to conditioned cue accuracy, i.e. the ability to discriminate between good and poor signals, a fear conditioning protocol comprising within-subjects both a perfect and a partially predictive shock cue (i.e. an ambiguous cue) (Tsetsenis et al., 2007) was adapted and extended to test individual variability in fear acquisition (Day 1, extinction, as well as incubation (respectively Days 2, 3, and 50). Training and testing took place in a Panlab (Spain) apparatus, comprising a (30 Â 37 Â 25 cm) chamber equipped to deliver a scrambled foot shock via the 20 rods (3-mm diameter) composing the floor. Each chamber was cleaned with 5% ethanol and dried thoroughly between each test. On testing days, rats were transported from the colony room to the adjacent behavioral laboratory in their cage on a transport rack, before being placed in conditioning chamber.
Fear Conditioning: The training/acquisition session lasted for 20 min, with 180s habituation, followed by the presentation of two cues. The first cue, perfectly contingent (i.e. unambiguous), was presented three times for 30 s at 210, 600 and 990s, co-terminating with a 0.6 mA, 1s foot shock. A partially contingent cue was presented five times for 30s, co-terminating thrice with the first cue onset and twice alone at 390 and 780 s. The latter cue provided ambiguity in the likelihood of shock co-occurrence, i.e. probabilistic uncertainty. The ambiguous and unambiguous cues were either a light presentation (28 V DC, 100 mA) or a tone (3 kHz, 85 dB), counterbalanced for among individuals within each group. Ventilation fans provided background noise of 68 dB, large shelving unit was apparent in one corner of room, lit by green ambient lighting, and acetic acid was wiped onto the apparatus. Fear extinction: Three extinction tests were carried out: on days 2, 3, and 50 from fear acquisition, respectively for memory/extinction (Extinction I), extinction recall (Extinction II), and long-term (remote) extinction after a fear incubation period (adapted from Garcia et al., 2006; Monfils et al., 2009; Dę biec et al., 2011; Toth et al., 2012) . In order to minimize contextual conditioning responses during fear extinction, extinction recall, and remote recall, these test phases were carried out with different visual, olfactory and tactile cues (i.e., in chamber an insert with smooth gray plastic floor and, perforated metal walls, along with lemon rather than acetic acid odor; distal cues consisting of shelving unit moved across room to opposite corner; white lighting). The rats were placed in the same chambers, but in this novel context. A 3 min baseline preceded stimulus presentation. For extinction I, cues were presented each for 6 min, in a counterbalanced order. Each of the subsequent test sessions (Extinction II and Remote extinction) lasted 27 min. The cues were presented as four blocks each comprising five 30 s presentations of one cue separated by 5 s intervals, followed by five 30 s presentations of the second cue separated by 5 s intervals (for each cue a block thus lasting 2 min 55 s), in the absence of any foot shock throughout the entire session. The order of presentation of each cue was counterbalanced within each group. Sessions were video recorded and time spent freezing was quantified and percentage of freezing was calculated separately for each cue [freezing (s) during cue/cue duration (s)].
For the behavioral tests above, freezing was manually scored blind the experimental conditions with the aid of a computer program (software developed internally by Velibor Ili c (Ili c, 2005)), during stimulus presentations, inter-trial intervals, and prior to the first cue to study generalization to a novel context).
Monoamine oxidase a assay
Thirty minutes after the end of the fear incubation test session, the subjects were sacrificed, brains were extracted and frozen in isopentane on dry ice for storage at À80 C until further processing. In order to evaluate regional monoamine oxidase A activity, using a previously published protocol (Poirier et al., 2014) , tissue from separate regions was obtained by selectively punching samples of prelimbic (PL), infralimbic (IL), septal (dorsal) hippocampal, temporal (ventral) hippocampal, central amygdala (CeA), and basolateral amygdala (BLA; Harris Uni-Core, Ted Pella, Redding, California, US) from 50 to 200 mm slices obtained on a cryostat (Leica CM3050S) covering the extent of each subregion according to atlas landmarks (Paxinos and Watson, 1997) .
Mitochondrial, cytoplasmic and nuclei-enriched fractions were obtained using a differential centrifugation protocol. Sample lysates were obtained using a Teflon pestle in ice-cold IM homogenization buffer 20 mM Tris HCl, 10 mM KOAc, 1 mM EDTA, 0.25% NP40, containing freshly added 1 mM dithiothreitol (DTT) and a proteinase and phosphatase inhibitor cocktail (Complete EDTAfree, Roche Diagnostics GmbH, Rotkreuz, Switzerland). The samples were then centrifuged (20 min at 700 g, 4 C). While the nucleienriched pellet was held back, the supernatant was collected and centrifuged again (15 min at 10 000 g, 4 C). The supernatant and the pellet obtained were cytoplasmic-and mitochondrial-enriched fractions, respectively. The mitochondrial pellet was resuspended (75 mM mannitol, 25 mM sucrose, 5 mM KH 2 PO 4 , 20 mM Tris HCl, 0.5 mM EDTA, 100 mM KCl, 0.1% bovine serum albumen; MSK buffer) and used fresh.
Protein in the sample lysates was quantified using the detergent-compatible Bio-Rad DC protein assay (Bio-Rad Laboratories AG, Reinach, Switzerland). Protein samples were prepared in order to obtain equal concentrations by H 2 O dilution. The average amount of protein in the mitochondrial fraction obtained for the prelimbic cortex (PL), infralimbic cortex (IL), anterior cingulate cortex (ACC), septal hippocampal, temporal hippocampal, central amygdala, and basolateral amygdala punches was respectively 40.0 (±0.8), 37.0 (±1.0), 64.1 (±5.0), 57.4 (±3.5), 65.2 (±9.6), 43.1 (±10.2) mg.
MAOA activity was evaluated in 5 mg of mitochondrial protein extracts (volume adjusted for concentration) using the luminescent MAOGlo Kit (Promega #V1401, Dübendorf, Switzerland), according to the manufacturer's instructions. Samples were processed in duplicates, and after a 30 min incubation with the luciferin detection reagent in a white opaque-wall small volume Greiner plate (HuberLab, Aesch, Switzerland), the luminescent signal was detected using the Infinite F500 detection platform managed with iControl 1.7.1.12 (Tecan, M€ annedorf, Switzerland), integrated over 200 ms. The sensitivity of the assay was confirmed using MAO A and B inhibitors, respectively clorgyline and deprenyl (Sigma-Aldrich, data not shown). A standard curve was produced, representing luminescence according to amount of MAOA enzyme (Promega #V1452). For each sample the luminescence value was converted to an equivalent MAOA quantity, obtained by interpolation in the linear range of the standard curve of activity.
Statistical analyses
Statistical analyses were performed with Statistics Package for the Social Sciences (SPSS 17.0; Zürich, Switzerland Perfect Cue shock shock shock Fig. 1 . Stimulus presentation scheme. Rats learn the association between cues (either tone or light, counterbalanced) and footshocks on Day 1, conditioning. A perfectly contingent cue (white) predicts shocks more reliably than a partially contingent, i.e. ambiguous cue (black). On days 2, 3, and 50, rats are re-exposed to both cues, without footshocks.
F < 1; and Stimulus*Contingency, both F1,14 ¼ 3.9, p ¼ 0.069). Brain region MAO-A function was evaluated using a mixeddesign analysis of variance on standardized values (Z-scores), with remote ambiguous freezing level as between-subjects factor and regions of interest as within-subjects factors. Remote perfect cue response was used as a covariate in order to help isolate effects distinct from the contribution of that specific cue, and thus potentially uncover distinct mechanisms. Separate analyses were conducted for prefrontal cortex regions (PL, IL, ACC), hippocampal segments (septal and temporal), and amygdala nuclei (basolateral and central). The results were considered statistically significant if p < 0.05.
Results
Freezing response for low and high responders to ambiguous cue at remote testing
Cue Contingency (perfect vs. Partial), Stage (Acquisition, Extinctions I, II, and Remote), and Group (high or low responders on the remote ambiguous cue) interacted significantly (F 3,42 ¼ 5.5, p ¼ 0.003. The results of the remaining effects were as follows: main effect of Group, F 1,14 ¼ 20.7, p < 0.001; main effect of Stage, F 3,42 ¼ 70.7, p < 0.001; Stage x Cue, F 3,42 ¼ 5.4, p ¼ 0.003; all other effects, p > 0.07). As shown in Fig. 2A (left) , for the ambiguous cue, a difference in freezing emerged with extinction trials (Stage x Remote response Group, F 3,42 ¼ 6.3, p ¼ 0.001; main effect of Stage, F 3,42 ¼ 43.5, p < 0.001; main effect of Remote response, F 1,14 ¼ 24.7, p < 0.001). A within-subjects contrasts analysis revealed that a quadratic progression across stages was different between the Groups (F 1,14 ¼ 8.7, p ¼ 0.011). This observation was supported by follow-up simple effects analyses determining that for the high responders, freezing increased at the first extinction test (compared to acquisition, p < 0.001), whereas for the low responders, freezing levels between these two stages were not different; p > 0.9). Furthermore, while the Groups exhibited equivalent freezing at Acquisition (p > 0.8), high responders were elevated at all extinction stages (Extinction I, II, and Remote Extinction respectively p ¼ 0.001, 0.011, and <0.001). In contrast, as seen in Fig. 2A (right) for the perfect cue there was a only main effect of Group (F 1,14 ¼ 10.6, p ¼ 0.006. While there was also a main effect of Stage (F 3,42 ¼ 48.7, p < 0.001), no interaction was apparent (F 3,42 ¼ 1.1, p > 0.38).
In order to better understand the enhanced response pattern for the High responders, the longer protocols used in Extinction II and Remote Extinction were analysed by presentation block (Supplementary Fig. 1) . At Extinction II, for the ambiguous cue in addition to the expected Group effect (F 1,14 ¼ 8.6, p ¼ 0.011), there is an effect of presentation Block (F 3,42 ¼ 9.4, p < 0.001) and interaction achieved significance (Block*Group (F 3,42 ¼ 3.1, p ¼ 0.036). Follow-up analyses revealed a significant augmentation of freezing for the High responders only in Block 1 (p ¼ 0.002; other p all > 0.17). In contrast, for the perfect cue, although again the expected Group effect (F 1,14 ¼ 4.7, p ¼ 0.048) and effect of presentation Block were present (F 3,42 ¼ 14.8, p < 0.001), but in this case the interaction did not achieve significance (Block*Group (F < 1).
At the remote extinction (data not shown), for the ambiguous cue in addition to the expected Group effect (F1,14 ¼ 32.4, p < 0.001), there is an effect of presentation Block (F3,42 ¼ 3.1, p ¼ 0.037) but interaction did not achieve significance (Block*-Group (F3,42 ¼ 2.4, p ¼ 0.080). For the perfect cue, in addition to the expected Group effect (F1,14 ¼ 17.1, p ¼ 0.001), there is an effect of presentation Block (F3,42 ¼ 3.6, p ¼ 0.020) but interaction did not achieve significance (Block*Group (F < 1).
The enhanced threat response was also accompanied by a generalization of freezing to the different context at baseline, as seen in Fig. 2B Supplemental Fig. 2 , enhanced freezing for high responders was observed during the ITIs for both the partial [F 1,14 ¼ 20.8, p < 0.001; effects of Time and any interaction with Group all p > 0.26) and the perfect cue [F 1,14 ¼ 10.6, p ¼ 0.006; effects of Time and any interaction with Group all p > 0.13).
3.2. MAOA prefrontal cortex activity distinguishes low and high responders to ambiguous cue at remote testing Analyses of MAOA activity (Fig. 3) revealed that when controlling for remote perfect cue response, the impact of ambiguous Group level differed according to prefrontal cortex region (Ambiguous Group x Region, F 2,26 ¼ 5.4, p ¼ 0.011; Region, F 2,26 ¼ 2.7, p ¼ 0.085; Region x Perfect Group, F 2,26 ¼ 2.9, p ¼ 0.076; Ambiguous Group, F 1,13 ¼ 0.2, p ¼ 0.656). Follow-up analyses revealed that higher prelimbic cortex MAOA activity was the only significant regional effect (PL p ¼ 0.030; IL p > 0.8; ACC p > 0.18. No differences were apparent for the other regions of interest [main effects and interactions for HPC segments (septal and temporal), all p ! 0.296 and for AMY nuclei (BLA and CeA), all p ! 0.325]. Values for all regions prior to covariate ANOVA are shown in Suppl. Fig. 3 . Considering instead a correlative approach with all subjects, no correlations were apparent for total freezing % for the ambiguous cue, but for the perfect cue, a correlation was observed with infralimbic cortex MAO-A (r ¼ À0.67, p ¼ 0.005).
Discussion
The present study examined at what stage differential vulnerability to persistent responding to a no longer threatening cue emerges, and whether it is associated with brain MAOA activity. Unlike freezing to the perfect cue, where differences between low and high responders are apparent already during acquisition, when freezing to the ambiguous cue is considered a vulnerability appeared not from acquisition of the conditioned response, but at subsequent stagesdthus rather implicating processes of extinction, consolidation, and/or retrieval. In parallel, this pattern was associated with a generalization of the freezing response to the different context, prior to cue re-exposure, which could be attributable to an induced sensitivity not necessarily accompanied by fear (Siegmund and Wotjak, 2007; Pamplona et al., 2011) , a "conditioned cognitive generalization" described to yet occur in the absence of hypothalamo-pituitary-adrenal axis engagement (Daviu et al., 2010 (Daviu et al., , 2014 . When controlling for the perfect cue response at that stage, greater freezing response to the ambiguous cue after an incubation period following repeated extinction sessions was associated with higher prelimbic cortex MAOA activity.
Previous studies with MAOA/B knockout mice using perfect predictors found heightened fear conditioning (Kim et al., 1997; Singh et al., 2013) . In parallel, previous fear cue ambiguity research considering extinction of recent conditioning has shown that serotonin transporter (5HTT)-overexpressing mice presented less freezing to uncertain outcome (20% cue contingency, McHugh et al., 2015) and conversely Htr1a knockout mice exhibited selectively more freezing to ambiguous cues (Klemenhagen et al., 2006) , and like here to partially contingent cues, but no difference to perfectly contingent fear cue conditioning (Tsetsenis et al., 2007) . Extending these findings, our results supporting a qualitative difference between perfect and partial (ambiguous) threat cue contingencies, with further work disentangling the molecular mechanisms undoubtedly important for mechanistic understanding and intervention purposes.
We also found that individuals exhibiting higher levels of freezing to this ambiguous cue after the incubation of the aversive experience presented equivalent acquisition. It is possible that the stimulus presentation scheme may have affected the predictability of both cues, in terms of probabilistic and second-order uncertainty, respectively for the ambiguous and the unambiguous cues. This notion is supported by the observation that the freezing levels do not appear different between the cues during acquisition. Yet, at the Memory/Extinction I session, the High responders expressed almost twice the levels of freezing shown at initial acquisition, levels that while decreasing remained above those of more resilient adaptive individuals in subsequent extinction sessions. For the perfect cue, freezing levels at Memory/Extinction I also considerably increaseddwhile at that stage group differences numerically exhibited the weakest difference, even though here no significant interaction was observed. Regarding the ambiguous cue response pattern, a parallel may be drawn with previous fear conditioning research identifying subgroups with a bimodal distribution of total freezing in extinction but not acquisition (Galatzer-Levy et al., 2013) . Together these findings may be relevant to anxiety disorders such as PTSD, where individuals may be distinguished by poorer extinction over time, not necessarily greater acquisition (e.g. reviewed in Rothbaum and Davis, 2003) . Where some individuals exposed to the same conditioning experiences yet present poorer extinction (Bush et al., 2007; Galatzer-Levy et al., 2013) , the present results suggest that such an individual vulnerability may be partly underpinned by a poorer ability to update environmental priors with experience (Bach, 2015) . Here, specifically, probabilistic uncertainty may be the form of ambiguity for which the individuals here exhibited poorer updating.
The brain regions engaged in fear conditioning are also different in subjects with PTSD, in comparison to both typical adults and relative to other anxiety disorders (social anxiety and phobias). In a meta-analysis, only PTSD patients were found to show hypoactivity of ventral ACC, dorsal ACC, and ventromedial prefrontal cortex (vmPFC, Etkin and Wager, 2007) . As for extinction recall, in typical adults the vmPFC is recruited (Milad et al., 2007) , but less so in subjects with PTSD, for whom dorsal anterior cingulate cortex is also hyper-responsive (Milad et al., 2009) . The rat homologs of dorsal anterior cingulate cortex and subgenual vmPFC are prelimbic and infralimbic cortex, respectively (Nieuwenhuis and Takashima, 2011; Milad and Quirk, 2012) , each in turn necessary for the expression or the extinction of fear (e.g. Milad and Quirk, 2002; Vidal-Gonzalez et al., 2006; Laurent and Westbrook, 2009; Sierra-Mercado et al., 2011) . Here we found MAOA differences in prelimbic cortex, but none in either infralimbic or anterior cingulate cortex (nor the hippocampus or amygdala), for either the typical, unambiguous cue ("perfect"), or the ambiguous alternative at remote testing. The ambiguity of the associations in the present paradigm potentially stems from various sources of uncertainty, probabilistic and second-order, including likely sensory, state, and rule uncertainty, all of which can implicate the anterior cingulate cortex (Bach and Dolan, 2012) . There is evidence in humans ambiguity may recruit prefrontal-parieta-striatial networks (Lopez Paniagua and Seger, 2013) , and that probabilistic uncertainty may be preferable over conflicting information, each respectively associated with prefrontal and striatal network engagement (Pushkarskaya et al., 2015) .
In humans, dorsal anterior cingulate cortex may be implicated in revaluation, in effortful dampening of negative emotion, as proposed as a result of meta-analytic findings (Diekhof et al., 2011) . Part of the dorsal anterior cingulate, the supragenual portion mediates the link between MAOA genetic variation and temperament, including harm avoidance (Buckholtz et al., 2007) . Level of trauma and MAOA gene expression (according to functional polymorphisms) were previously shown to interact, with the latter moderating behavioral outcomes according to trauma level. Reactive aggression is greater in individuals with low activity MAOA-uVNTR, in proportion to level of provocation (e.g. Kuepper et al., 2013) . It has been proposed that low activity allele of MAOA may predispose to enhanced reactivity to social threat, even if ambiguous (Buckholtz and Meyer-Lindenberg, 2008) . The present findings suggest that a similar relationship may exist for the response to ambiguous threat cues in non-social situations. In relation to the aforementioned "conditioned cognitive generalization", human neuroimaging studies have suggested that with uncertainty individuals may adopt a (meta)cognitive coping state, associated with prefrontal cortex activity (Paul et al., 2015) . Additionally, a relationship between intolerance to uncertainty and poorer extinction of unambiguous fear cue associated with greater amygdala and vmPFC activation was previously reported in human work (Morriss et al., 2015) . The association of this temperament with ambiguous fear cues remains to be explored, with present rodent findings predicting (dorsal) anterior cingulate engagement may be implicated in humans.
In summary, the partially contingent cues in fear conditioning represent an uncertain threat situation. Even after repeated extinction tests, in some vulnerable individuals a threat response may be heightened and persistent. This behavioral expression typical of individuals with an anxiety disorder may be linked with alterations in MAOA function in the human homolog of the rodent prelimbic cortex (i.e., dorsal anterior cingulate cortex). The present study may thus help bridge the findings of functional neuroimaging, genetic, and neurochemistry studies, providing useful routes of investigation for the development of interventions to mitigate the impact of traumatic experiences.
